cDNA clones of RNA-2 of two isolates of squash mosaic virus (SqMV) were constructed and sequenced, revealing 87 % sequence similarity. In Northern blot hybridization analyses, DNA probes made from these clones defined two SqMV hybridization subgroups. This grouping was verified by reciprocal hybridizations of purified RNA from five SqMV isolates, as probed with cDNA made from a member of each subgroup. Comparison of the RNA-2 sequence among the two SqMV isolates, and the reported sequence of other comoviruses, showed
Introduction
Squash mosaic virus (SqMV) is a seed-borne, beetletransmitted comovirus, infecting a wide range of cucurbits (Freitag, 1956) . As a genus, comoviruses are characterized by their bipartite, single-stranded RNA genomes, expressed as polyproteins, one from RNA-1 (ca. 5900 nt), and two (inframe, overlapping and sharing a common termination codon) from RNA-2 (ca. 3600 nt) (reviewed by Goldbach & Wellink, 1996) . The RNA-1-encoded polyprotein yields the viral polymerase, a helicase and a protease, as well as a protease cofactor and the genome-linked viral protein (VPg), while the RNA-2-encoded polyproteins yield the movement protein (MP), large capsid protein (LCP) and small capsid protein (SCP). Each RNA is 3h-polyadenylated, is linked to a 5h-VPg and is individually encapsidated by 60 copies each of the two capsid proteins (CPs), to form 28 nm diameter, icosahedral particles, with a pseudo T l 3 structure (Goldbach & Wellink, 1996) . The three viral particles, designated top (T ; empty shells), middle (M ; containing RNA-2) and bottom (B ; containing RNA-1), are separable by density gradient centrifugation (Bruening, 1978) . The genus includes cowpea mosaic virus (CPMV ; the type member), cowpea severe mosaic virus (CPSMV), bean-pod mottle virus (BPMV), radish mosaic virus (RaMV), red clover mottle virus (RCMV), Andean potato mottle virus (APMV) and SqMV, with host ranges spanning Author for correspondence : Peter Palukaitis (at SCRI).
Fax j44 1382 562426. e-mail ppaluk!scri.sari.ac.uk that SqMV constitutes one of four major branches in a phylogenetic tree of the genus. Analysis of the terminal noncoding sequences showed that although potentially similar folding patterns may form, neither nucleotide sequence nor secondary structural elements are highly conserved among comoviruses. In vitro translation products from purified RNA-1 of each subgroup (encoding the viral proteases) were found to process the polyprotein generated by in vitro translation of purified RNA-2 from either subgroup.
the families Leguminosae, Cruciferae, Solanaceae and Cucurbitaceae.
Previous workers have utilized host-range and symptomatology, but mainly serology (Knuhtsen & Nelson, 1968 ; Nelson & Knuhtsen, 1973) , to identify SqMV, and to demarcate two North American serogroups. Members of serogroup I caused mild symptoms on squash and more pronounced symptoms on melon, and some members of serogroup I infected watermelon, while members of serogroup II gave more prominent symptoms on squash than on melon (reviewed by Provvidenti & Haudenshield, 1996) . Serological studies have identified intraspecific variation in other comoviruses but without sufficient biological divergence to justify subgroupings within those species (reviewed by Valverde & Fulton, 1996) . In the case of RCMV, two strains have been identified which do form hybridization groups, and which have been utilized in pseudorecombination studies (Oxelfelt et al., 1992) .
In SqMV, the gene for the LCP (41 kDa) and SCP (22 kDa) was mapped by in vitro translation studies to RNA-2 (contained within the M component) (Hiebert & Purcifull, 1981) , which is in concordance with established information on CPMV (Gopo & Frist, 1977) and the other comoviruses. While the nucleotide sequence encoding the CP genes in one SqMV isolate (designated here as H-SqMV) has been determined (Hu et al., 1993) , the nature and extent of sequence divergence between isolates have not been examined. The observed and reported variations in symptomatology and antigenicity in SqMV led to the hypothesis that there may be within the species one or more subgroups which could be genomically defined. Here, we present such a sequence analysis for RNA-2 of SqMV, and also analyse the level of sequence divergence in RNA-2 among various comoviruses. We also demonstrate that the protease encoded by a strain in one subgroup of SqMV is able to process the polyprotein encoded by RNA-2 of a strain in another subgroup, suggesting a genetic compatibility between RNAs in the two subgroups.
Methods
Viruses and hosts. Five isolates of SqMV were utilized in this work : Z (M. Nelson ; Tucson, Arizona), K, L, W and R-SqMV (R. N. Campbell, Davis, California). L-SqMV is a melon isolate from Cucumis melo var. inodorus ' Honeydew ', and was reported by Alvarez & Campbell (1978) to be noninfectious to watermelon. All isolates were propagated and maintained in Cucurbita pepo (zucchini squash) cv. Black Beauty. Inoculations were by mechanical transmission onto the fully expanded cotyledon, with 320-grit Carborundum as an abrasive, and 5 mM sodium phosphate, pH 7, as a suspending medium, followed by rinsing of the leaf surface 5 min post-inoculation with water. The host range was explored on four watermelon (Citrullus lanatus) cultivars : Black Diamond, Verona, Yellow Belly Black Diamond and Yellow Flesh Black Diamond. All plants were greenhouse grown.
Virus purification. Virus particles were purified by a combination of published methods (Lastra & Munz, 1969 ; Nelson & Knuhtsen, 1973) . Specifically, 100 g of squash leaves was homogenized in 200 ml 0n1 M phosphate buffer (0n1 M Na # HPO % , made pH 7n5 with HCl) for a total of 2 min on high speed in a Waring blender, with periodic chilling on ice. The homogenate was pressed through two layers of Miracloth, and the liquor clarified by centrifugation at 5000 g for 15 min at 4 mC. The supernatant was drawn off the soft pellet. Solid NaCl was added to the supernatant to a final concentration of 0n2 M, polyethylene glycol (PEG 8000) was added to 6 % (w\v), and the mixture was stirred at 4 mC for 1 h. The precipitated material was sedimented by centrifugation at 5000 g for 15 min at 4 mC, and the pellets were resuspended in 10 mM phosphate buffer, pH 7n5. The suspension was made 0n1 M with respect to sodium acetate (using a 1 M stock, pH 5n0 with glacial acetic acid), which yielded a flocculant precipitate after 1 h of incubation on ice. The acetate-washed, viral suspension was then clarified by centrifugation at 5000 g for 15 min at 4 mC, and the recovered supernatant was centrifuged at 150 000 g for 2 h at 4 mC. The viral pellets were suspended in 10 mM phosphate buffer, pH 7n5, containing 1 % (v\v) Triton X-100. The suspensions were clarified of insoluble material by centrifugation at 5000 g for 15 min at 4 mC. The clarified suspension was layered over 37 % (w\v) sucrose (in 10 mM phosphate buffer, pH 7n5) and virus particles were sedimented at 210 000 g for 1n8 h at 4 mC. The virus was stored in deionized water. Yields were estimated by absorbance at 260 nm, using the relationship 7n7 A #'! l 1 mg\ml. In some cases, the ' M ' and ' B ' particles were separated by ultracentrifugation through a 0-30 % sucrose linear-log gradient at 83 000 g for 6 h at 4 mC. Gradients were fractionated and aliquots were collected. To achieve greater purity for translation and polyprotein processing experiments, the peak fractions were subjected to a second round of separation on similar gradients. Viral RNA isolation. RNA was released from virions by disruption of the purified particles in alkaline detergent containing 100 µg\ml Proteinase K (in 200 mM ammonium carbonate, 2 mM EDTA, 2 %, w\v, SDS, pH adjusted to 9n0 with NH % OH) for 5 min at room temperature and then 5 min at 50 mC. RNA was immediately extracted twice with phenol-chloroform (1 : 1) at room temperature, and was precipitated with ethanol and ammonium acetate (Sambrook et al., 1989) . The resulting pellets were stored at k80 mC, and yielded two RNA bands of the expected size when separated by agarose gel electrophoresis. This procedure yielded about 10 µg RNA from 300 µg virus. Because the RNA was not stable to repeated freeze-thawing after rehydration, aliquots were placed in individual tubes before ethanol precipitation.
cDNA cloning and characterization of the cDNA clones of SqMV RNA-2. Double-stranded cDNA was generated utilizing a commercial AMV reverse transcriptase-based cDNA synthesis kit (Amersham) with an oligo(dT) primer for the first strand, was blunt-end ligated into pUC18, and was transformed into Escherichia coli DH5α (Sambrook et al., 1989) . Colonies were selected, cultured for DNA miniprep, and screened by digestion of the resulting plasmid DNA with EcoRI. Clones containing the longest inserts were selected for further study. To identify which of the two genomic RNAs was cloned, the selected cloned DNAs were radiolabelled and used as probes to challenge Northern blots of electrophoretically separated RNA-1 and -2 from the source virus.
Nucleotide sequence analysis of the SqMV cDNA clones. The longest RNA-2 cDNA clones from Z-and K-SqMV were sequenced utilizing a combination of transposon insertion-based priming (Gold BioTechnology), restriction fragment elimination and synthetic oligonucleotide priming, by automated (Applied Biosystems) and manual dideoxynucleotide chain-termination sequencing processes (Sambrook et al., 1989) . The 3h termini of the clones were identified by the presence of the expected polyadenylate residues. The longest cDNA clones obtained were named pZ22A (from Z-SqMV RNA-2) and pK66C (from K-SqMV RNA-2). Additional partial cDNA clones from the 5h region of the ZSqMV RNA-2 were constructed in pUC18 using a synthetic, antisense oligonucleotide primer (5h TTATTATTGGCCTGAT 3h) based on sequence data from the 5h half of the pZ22A clone. This generated cDNA products of ca. 800 nucleotides. The sequence at the 5h terminus of the genomic RNA-2 of Z-SqMV was determined using a synthetic antisense oligonucleotide primer (5h GATTACTTTGAAGATTACTT 3h) designed from sequences immediately adjacent the 5h end of pZ22A, in direct RNA dideoxy-sequencing with an AMV-Reverse Transcriptase kit (Amersham) containing dITP replacing dGTP. Sequence data were compiled and contiguous segments were assembled using the DNASTAR package of software for the Macintosh computer, from which SeqMan version 3.55 was used to assemble contiguous sequence fragments and build consensus sequences ; EditSeq version 3.94 was used to identify open reading frames and translate putative amino acid sequences ; and MegAlign version 3.14a was utilized for computation of alignments and pair distances according to the Clustal W algorithm. Sequencing was continued until at least one overlapping stretch of sequence data was obtained for each strand of the clone. Phylogenetic trees were generated using the parsimony method employed by the PAUP 3.1 program (Swofford, 1993) , which also facilitated bootstrap analysis of the resulting trees. RNA folding schemes were generated by the mfold version 2.3 program (Zuker, 1997) , which predicts secondary structures of RNA sequences up to 3000 nucleotides in length, based upon published thermodynamic models (Walter et al., 1994 ; Zuker, 1989) . The parameters utilized for the mfold program were 1 M NaCl, and 25 mC, and default values for other variables.
Agarose gel electrophoresis and Northern blot hybridization. For Northern blot hybridization analyses, RNA was electrophoresed through 1 % agarose slab gels using a Tris-borate-EDTA buffering system, was partially alkaline-digested by soaking in 0n1 M NaOH, and was transferred to nitrocellulose membranes by capillary blotting with 20i SSC. Membranes were vacuum-baked, blocked and then challenged with the appropriate denatured probe. Hybridization was done (without formamide) in 6i SSC at 68 mC overnight, followed by SqMV sequence diversity SqMV sequence diversity washing in 0n2i SSC at 68 mC (Sambrook et al., 1989) . Probes were prepared by random-hexamer priming of cDNA clones using the Klenow fragment of E. coli DNA polymerase I (Prime-a-gene, Promega), or by oligo(dT) priming of viral RNA using AMV reverse transcriptase.
In vitro translation and polyprotein processing. In vitro translation of purified RNA-1 and RNA-2 of K-and Z-SqMV was done as described for CPMV (Franssen et al., 1982) using the rabbit reticulocyte cell-free lysate system (Promega) supplemented with [$&S]methionine (Amersham), as recommended by the manufacturer. The labelled translation products from each SqMV RNA-2 were then treated with RNase A, placed on ice, and combined with unlabelled SqMV RNA-1 translation products (also treated with RNase A). The source of RNA-1 was from a strain in either subgroup. Processing was allowed to proceed at 30 mC, with samples withdrawn after 20 min, 1 h, 3 h and 20 h. Processing was stopped by addition of SDS-sample buffer for denaturing polyacrylamide gel electrophoresis. Proteins were electrophoresed on 12n5 % polyacrylamide gels (Bio-Rad Protean system) for 90 min at 150 V. Dye-tagged molecular mass markers (rainbow ladder ; Bio-Rad) were co-electrophoresed. The resulting gels were dried onto filter papers and autoradiographed.
Results and Discussion

Virus biology
Biological data for the five SqMV isolates are summarized in Table 1 . All five SqMV isolates produced similar symptoms on zucchini squash, namely a stunting of the plant with an accompanying systemic leaf mosaic, and distortion of the fruit. The Z-SqMV isolate gave very prominent mosaic symptoms, whereas symptoms induced by the other isolates were more moderate, though quite noticeable. Symptom severity varied as the season progressed, and as plants aged. Only the ZSqMV isolate was found to produce symptoms on watermelon, and it did so on all four cultivars of watermelon tested. The symptoms on watermelon were severe stunting, systemic leaf mosaic and mild leaf distortion. 
Identification of two hybridization groups
The possibility of heterogeneity in purified RNAs of SqMV virus was explored by Northern blot hybridization. Although significant degraded RNA products were always present, electrophoretic separation of RNA-1 and RNA-2 could be discerned clearly by ethidium bromide-staining of the agarose gels before blotting to nitrocellulose (Fig. 1 A) . When such blots were challenged with radioactive probes prepared from either pZ22A (random-primed cDNA clone of Z-SqMV RNA-2) or from K-SqMV RNA-2 [oligo(dT)-primed cDNA], there was a clear differentiation of two hybridization subgroups (Fig.  1 B, C) . None of the RNAs tested, except Z-SqMV RNA-2 itself, hybridized to the pZ22A probe (Fig. 1 C) . With the exception of Z-SqMV RNA-2, all SqMV isolates tested hybridized to the K-SqMV RNA-2 probe (Fig. 1 B) . Neither probe hybridized to either CPMV RNA or cucumber mosaic virus RNA, which were included as controls and size markers.
Because the hybridization of the K-SqMV RNA-2 probe to the K and L isolates was stronger than to the R isolate, despite equivalent RNA loadings, it was suspected that R-SqMV might represent further sequence diversity within the Khybridization subgroup. To test this and to further confirm the hybridization groupings, a reciprocal hybridization experiment was done. To facilitate further comparisons between the two subgroups, a cDNA clone was prepared from the RNA-2 of KSqMV. This clone is designated pK66C.
In this experiment, a fifth isolate, W-SqMV, was included. Equivalent loadings of K-, W-, L-, R-and Z-SqMV total RNAs (and CPMV total RNA) were electrophoresed and blotted to nitrocellulose. cDNA probes were prepared from the same total RNA preparations for L-, R-and W-SqMV (and CPMV), and from the pK66C and pZ22A cDNA clones. Hybridization analysis under stringent washing conditions (Fig. 2) SqMV sequence diversity SqMV sequence diversity In the phylogenetic tree (B), the number of nucleotide changes between the ancestral branchpoints is indicated above the branch, and the percentage confidence in each branch is indicated in parentheses, as determined by bootstrap analysis.
the identification of two SqMV subgroups, since the pZ22A probe hybridized very poorly to K-, W-, L-and R-SqMV RNA-2 (Fig. 2 A) , whereas the pK66C probe hybridized preferentially to these same RNAs (Fig. 2 C) . The L-cDNA probe hybridized with similar intensity to K-, W-, L-and R-SqMV RNA-2 (Fig.  2 B) . By contrast, the R-and W-cDNA probes hybridized preferentially to R-and W-SqMV RNA-2, and showed only moderate hybridization to the L-and K-SqMV RNA-2, and very weak hybridization to the Z-SqMV RNA-2 (Fig. 2 E, F) . This further supports the suggestion that there is additional diversity within the K-SqMV hybridization subgroup. The CPMV cDNA control probe hybridized only to CPMV RNA (Fig. 2 D) . Although the L-, R-and W-SqMV probes, as well as the CPMV probe were prepared from total viral RNA, for unknown reasons very little probe bound to the membrane in the region of RNA-1.
Sequence analysis of SqMV RNA-2
It was expected that the subgrouping demarcated by hybridization analyses was reflective of variation in the nucleotide sequence of the RNAs in SqMV. Both strands of the pZ22A and pK66C clones were sequenced fully, and contained nearly full-length cDNA clones of RNA-2 of these two virus isolates. A single large open reading frame was found which covers most of the sequence and which is precisely coincident in both pZ22A and pK66C. cDNAs generated using a primer ca. 800 nt from the 5h end of the insert in pZ22A were found to be fully contained within the pZ22A clone (data not shown) ; one of these inserts terminated nine nucleotides shorter than the pZ22A clone (data not shown), suggesting that the 5h terminus of the RNA was proximal (i.e. that pZ22A was nearly full-length), and that there was no ' tandem repeath omitted for SqMV, as exists in BPMV (MacFarlane et al., 1991) . Direct sequencing of the purified Z-SqMV RNA-2 showed a termination 15 nucleotides beyond the sequence contained at the 5h end of the pZ22A clone.
The full nucleotide sequences of the cloned cDNA inserts of Z-SqMV RNA-2 (plus the 5h end sequence determined directly from the viral RNA) and K-SqMV RNA-2, the putative translated polyprotein product of Z-SqMV RNA-2, and the amino acids where the K-SqMV RNA-2 putative polyprotein differs from that encoded by Z-SqMV RNA-2, are shown in Fig. 3 . Alignment analyses yielded an overall nucleotide sequence similarity of 87 % between the Z-and K-clones. The nucleotide sequences of the CP genes of H-SqMV (Hu et al., 1993) , when compared to the sequence encoding the CPs within pZ22A and pK66C, were 88n1 % and 99n6 % similar in the LCP domain, and 89n5 % and 99n3 % similar in the SCP domain, respectively. Thus, H-SqMV appears to be in the KSqMV subgroup. The putative LCP in H-SqMV is virtually identical in amino acid sequence to that of K-SqMV, differing at only two positions, 562 and 768 (in the deduced polyprotein), the latter of which is the same as the amino acid found CDDH in the protein encoded by Z-SqMV RNA-2. The deduced SCP in H-SqMV is identical to that of K-SqMV.
Sequence comparisons among comovirus RNA-2
Sequence data have been published for RNA-2 on single isolates of APMV (Shindo et al., 1993) , BPMV (MacFarlane et al., 1991) , CPMV (van Wezenbeek et al., 1983) , CPSMV (Chen & Bruening, 1992) and RCMV (Shanks et al., 1986) . Using the published nucleotide sequence data, Shindo et al. (1993) aligned the deduced amino acid sequences for the MP, LCP and SCP for APMV, BPMV, CPMV, CPSMV and RCMV to show that the distantly related APMV had a genome structure consistent with that of other comoviruses. Sequence data were compared here for the published full RNA-2 sequences of five comoviruses, APMV, BPMV, CPMV, CPSMV and RCMV, and RNA-2 of the two SqMV isolates shown in Fig. 3 . A Clustal W alignment was used to compare the similarities between the coding nucleotides, and their encoded proteins. The percentage similarities for the coding nucleotides (Fig. 4 A) ranged from 88 % between the two SqMV isolates to 30 % between ZSqMV and APMV, a consistently very divergent comovirus (Shindo et al., 1992) . The percentage similarity for the polyprotein (Fig. 4 A) ranged from 96 % between the two SqMV isolates to 24 % between CPSMV and APMV. It is worth noting, however, that considerable sequence divergence exists within the comovirus genus, as the highest interspecific similarity was found to be 43 %, between BPMV and CPSMV (both in nucleotide and amino acid sequence).
In comparing the putative amino acid sequences of the MPs (Fig. 4 C) , considerable interspecific divergence is again notable, with BPMV and CPSMV being closest, at 34 % similarity, and APMV and CPMV being most different, with 21 % similarity. Greater conservation of amino acid sequence was observed, however, among the LCPs (Fig. 4 D) , where a minimum interspecific similarity of 28 % was observed between APMV and CPSMV, but a maximum of 57 % similarity was found between BPMV and either SqMV or RCMV. The SCPs were again more divergent (Fig. 4 E) among the comoviruses, with minimum and maximum interspecific similarities of 24 % and 45 %, respectively.
When the PAUP program was used to generate a parsimonious phylogeny, utilizing the coding nucleotide sequence of RNA-2 of the various comoviruses, as aligned by Clustal W, a single tree resulted (Fig. 4 B) . This tree pairs the two SqMV isolates, CPSMV with BPMV, RCMV with CPMV, and leaves APMV as distantly related to all other comoviruses. A bootstrap 100-times resampling of this data yielded 95-100 % confidence in the tree. Although the tree pairs CPSMV with BPMV, and RCMV with CPMV, as most related to each other, it should be noted that there is sufficient sequence dissimilarity (over 1250 nucleotide changes between each of the paired viruses, 63 % and 64 % divergence respectively) that these viruses clearly are independent species.
RNA folding analysis
At the very 5h terminus of RNA-2, a potential conservation in secondary folding has been noted (reviewed by Goldbach & Wellink, 1996) . The twin stem-loop structure shown for CPMV by Goldbach & Wellink (1996) is very close to that predicted for these 50 nucleotides by Zukerhs mfold program. The minor difference may be related to improvements in the folding algorithm, or to variation in the input parameters, or both. Because the predicted folding of an RNA may be influenced by neighbouring or even distant sequences, we used the mfold program to predict the secondary structure of the CPMV 5h terminus for 50, 75, 100, 125, 150 and 175 nucleotides, and for the 160 nucleotides of the nontranslated region. We found that the stem-loop structure was consistently predicted (data not shown). Similar stem-loop structures were predicted for the 5h-terminal 50 nucleotides of CPSMV, RCMV, Z-SqMV and APMV, and the 5h-terminal 55 nucleotides of BPMV. However, in the case of APMV, when the full 5h-nontranslated region was folded, several vastly different structures were predicted, which differed thermodynamically from one another in ∆G by only 5 %. Only two of these structures preserved the first stem of the stem-loop motif. Furthermore, alternative and different 5h folding patterns were found for BPMV and SqMV when the full nontranslated region was utilized by the mfold program (data not shown). Finally, the influence of the VPg and any other RNA-binding proteins upon these structures is totally unknown, and whether they act to stabilize or favour either one or none of the secondary structures remains to be determined. The biological relevance of the differences in the proposed 5h-terminal secondary structures among the comoviruses also remains to be explored.
In contrast to the situation at the 5h terminus, there has been actual biological significance shown for a proposed Yshaped structure within the 3h-nontranslated region of CPMV, approximately 20 nucleotides from the poly(A) tract (Rohll et al., 1993) . Those authors showed that disruption of this structure reduced RNA-2 accumulation in cowpea protoplasts. When we used the mfold program to predict secondary structures within the 3h-terminal 100 nucleotides [plus an arbitrary 20 nucleotide poly(A) tract] for CPMV, we found a similar but not identical Y-shaped structure, at the end of a long stem (data not shown). As noted above for the predictions of the 5h terminus, the minor differences between the proposed secondary structures may be attributable to improvements in the folding algorithms, or to variation in the input parameters, such as temperature and salt concentration. Nevertheless, when we folded 2000 nucleotides at the 3h terminus of CPMV, we found the identical Y-shaped structure as when we folded only 100 nucleotides (data not shown). The terminal 100 nucleotides [plus a 20 nucleotide poly(A) tract] for RCMV yielded a similar Y-shaped structure on a long stem (data not shown). However BPMV, CPSMV, APMV and both isolates CDDI Fig. 5 . Polyprotein processing of RNA-2 translation products. Autoradiograms are shown of SDS-polyacrylamide gels resolving the radiolabelled polyprotein products of in vitro translation after 0 or 1 h of incubation. In (A), the radiolabelled polyprotein derives from Z-SqMV RNA-2, and is incubated by itself (Z2*), with the translation products of Z-SqMV RNA-1 (Z2*jZ1) or with the translation products of K-SqMV RNA-1 (Z2*jK1). In (B), the radiolabelled polyprotein derives from K-SqMV RNA-2, and is incubated by itself (K2*), with the translation products of K-SqMV RNA-1 (K2*jK1) or with the translation products of of SqMV did not exhibit this Y-shaped structure, instead showing only a long stem (data not shown). Furthermore, several alternative foldings, differing in ∆G by less than 4 %, were predicted for RNA-2 of both SqMV isolates as well as for RNA-2 of APMV and even RCMV. Thus, further mutation analysis will be required, coupled with assays of their biological effects, to pinpoint what physical structures might truly be present for these comoviruses, and which nucleotides within those secondary structures, if any, play a role in replicase recognition.
Polyprotein processing
The sites of proteolytic cleavage within the polyproteins of RNA-2 were established previously for the comoviruses, and were reported for SqMV by Hu et al. (1993) . There is a conserved amino acid motif, LDD, at positions 9-11 at the amino terminus of the LCP (Shindo et al., 1993) , and the site of cleavage between the two CPs was determined by protein sequencing of the amino terminus of the SCP (Hu et al., 1993) . As can be seen in Fig. 3 , the putative sites of protease cleavage in the RNA-2 polyproteins are conserved in the amino acid sequence of both SqMV isolates. However, it is not clear whether the level of conservation is sufficient that the protease encoded by RNA-1 of the one SqMV subgroup would show proteolytic activity on the polyprotein encoded by RNA-2 of the other subgroup, and vice versa. Adding to the significance of the question is the observation that it is not necessarily the specific amino acids between which cleavage occurs (i.e. the Q\S or Q\N) which determines processing, but that other sequences can act from a distance to mediate this event (reviewed by Kra$ usslich & Wimmer, 1988) . Fig. 5 shows an SDS-PAGE autoradiogram of the cleavage of in vitro $&S-labelled Z-SqMV RNA-2 polyprotein by unlabelled translation products of RNA-1 of both K-and ZSqMV (Fig. 5 A) and the cleavage of similarly labelled K-SqMV RNA-2-derived polyprotein by similar unlabelled translation products from Z-SqMV RNA-1 (Fig. 5 B) , after 1 h of incubation. The incubation gave rise to the appearance of the CP precursor and the two forms of MP, as indicated by the arrows in Fig. 5 . After 3 h incubation, there was substantial reduction in the intensity of the 110 kDa protein band, and further accumulation of the protein products (data not shown). No significant further processing was observed after 20 h of incubation (data not shown). Under these conditions, cleavage of CP precursor is not observed. This demonstrates functional equivalency of the RNA-1-encoded viral protease in the two SqMV isolates, and as indicated above, conservation of the Z-SqMV RNA-1 (K2*jZ1). The 61 kDa CP precursor protein (uncleaved LCP and SCP) is indicated by arrow 3. The 50 kDa MP is indicated by arrow 2. The 40 kDa smaller MP (arising from the second start codon) is indicated by arrow 1.
cleavage sites and signals mediating their recognition, as indicated above.
Taxonomic considerations
The data presented here provide evidence for the existence of (at least) two subgroups for SqMV. The Z-SqMV subgroup consisted (so far) of only one member, whereas the K-SqMV subgroup contained the other four isolates examined, as well as the H-SqMV isolate, but with diversity among their RNA sequences, as measured by hybridization as well as nucleotide sequencing. This is consistent with the observation of Nelson & Knuhtsen (1973) of six biotypes, on the basis of symptoms and host range, but only two serological groups, one of which (group I) contained all the variability in host range and symptomatology. Hu et al. (1993) reported typing H-SqMV as a member of SqMV serogroup I on the basis of biological rather than serological comparisons, and L-SqMV was typed to serogroup I by Alvarez & Campbell (1978) . The data presented here group H-SqMV and L-SqMV with the K-SqMV hybridization subgroup, whereas Z-SqMV was found to infect watermelon -a biological characteristic previously reported to correlate only with serogroup I (Nelson et al., 1965) . Thus, either Z-SqMV represents a hybridization subgroup within serogroup I, or the ability to infect and stunt watermelon is not an exclusive characteristic of serogroup I. The latter explanation is most likely, given that other investigators have encountered difficulties in reproducing the expected phenotypes on watermelon (Alvarez & Campbell, 1978) .
In comoviruses, RNA-2 encodes the two CPs and the MP. Thus, amino acid sequence differences found in the putative polyprotein of our RNA-2 clones may be expected to result in possible variations in serological response. However, both RNAs may function in determining host range and symptomatology and a precise correlation of our hybridization groups with the serological groupings has not yet been established. Antisera to the established serogroups are no longer available to settle this issue. It is also possible that specific nucleotide sequences or secondary structure elements of the RNA have a role in the various host-range effects observed.
